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A redefinition of normal acid-base equilibrium in man: Carbon
dioxide tension as a key determinant of normal plasma bicarbonate
concentration. It has been shown recently that normal acid-base
equilibrium in the dog is characterized by a strong positive cone-
lation between plasma bicarbonate concentration and Pco2. The
present study was undertaken to examine the possibility that a
similar relationship between normal levels of Pco2 and plasma
bicarbonate might be present in man. The results indicate that
values for bicarbonate within the normal range are highly depen-
dent upon the prevailing level of Pco2 ([HCOIj = 0.36Pavco2 +
10.4; r = 0.73). Thus, approximately 50% of the normal variance
in bicarbonate concentration is explained simply by the variance
in Pco2. The joint confidence region for bicarbonate concentra-
tion and Pco2 that can be derived from these data provides a new
and more rigorous definition of normal acid-base equilibrium in
man.
Une redefinition de l'équilibre acide-base normal chez l'homme:
La pression partielle de carbon dioxide est un determinant essen-
tiel de bicarbonate du plasma normal. Ii a été montré récemment
que l'equilibre acide-base normal du chien est caracténsé par
une forte correlation positive entre Ia concentration plasmatique
de bicarbonate et Ia Pco2. Ce travail a pour but d'étudier Ia possi-
bilit d'une relation semblable chez l'homme. Les résultats in-
diquent que les concentrations de bicarbonate dans l'intervalle
des valeurs normales sont hautement dependantes de La Pco2
([HCO] 0,36 Pavco2 + 10,4; r 0,73). Ainsi, environ 50% de
Ia variance normale de Ia concentration de bicarbonate sont ex-
pliqués par Ia variance de Pco2. La zone de confiance commune
pour Ia concentration de bicarbonate et la Pco2 qui peut être dé-
duite de ces résultats apporte une definition nouvelle et plus
rigoureuse de l'equilibre acide-base chez l'homme.
A recent study in the dog has identified a strong
positive correlation between natural concentrations
of plasma bicarbonate concentration and the pre-
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vailing arterial carbon dioxide tension (Paco2) [I].
The present study was undertaken to see whether a
similar relationship between normal Pco2 and
plasma bicarbonate concentrations might be pres-
ent in man and whether it might play a significant
role in determining normal acid-base status. The re-
sults demonstrate that bicarbonate values within
the normal range are indeed highly dependent upon
the prevailing level of Pco2, with each 1-mm-Hg
variation in Pco2 being associated, on average, with
a 0.36-mEq/liter variation in plasma bicarbonate
concentration. Fully 50% of the variability in nor-
mal plasma bicarbonate concentration can, in fact,
be accounted for by the variability in normal Pco2.
The dependence of plasma bicarbonate on Pco2 ap-
pears to result from the influence exerted by varia-
tions in Pco2 on renal bicarbonate reabsorption.
These observations prompted us to reevaluate
the conventional methodology for defining normal
acid-base equilibrium. According to convention,
acid-base equilibrium is judged to be normal when
the values for plasma bicarbonate, Pco2, and hydro-
gen ion concentration (or pH), each examined inde-
pendently, fall within their respective normal
ranges [2-5]. We now believe that this approach to
the definition of the normal domain is methodologi-
cally erroneous for two reasons: First, on a priori
grounds, the equilibrium kinetics that govern this
system permit only two of these variables" to
change independently; the third necessarily ac-
quires the value predicted by the Henderson rela-
tionship. Second, as shown by the present study,
the actual in vivo variables in this system—carbon
dioxide tension and plasma bicarbonate concentra-
tion—are themselves interrelated.
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A rigorous methodology for defining the limits of
normal should take explicit account both of the
chemical constraints imposed by equilibrium kinet-
ics and of the physiologic constraints imposed by
the kidneys' response to variations in carbon diox-
ide tension. Such limits have been adduced by using
the present data to calculate joint confidence re-
gions for plasma bicarbonate and carbon dioxide
tension.
Methods
Observations on the acid-base composition of
plasma were made on 25 healthy, male volunteers
ranging in age from 22 to 34 years. Subjects were
accepted for study only if there had been no recent
history of significant illness, if the findings on phys-
ical examination were within normal limits, and if
the hematocrit, serum creatinine concentration, and
chest roentgenogram were all within normal limits.
Informed consent was obtained from all subjects.
Studies were performed on an out-patient basis.
Subjects were instructed to adhere to their regular
diets. The adequacy of salt intake was assessed by
measuring 24-hour urinary sodium excretion. Daily
urinary sodium excretion averaged 153 9.8 mEq
(mean 1 SEM). Subjects taking any medication,
including salicylates, for the preceding 2 weeks or
at any time during the period of observations were
excluded from study.
All observations were made between 8:00 and
9:00 A.M. while subjects were in the fasting state. The
subjects were required to rest in the supine position
for a period of 20 mm before blood sampling. With a
commercial heating pad, we heated the lower fore-
arm and the whole hand to between 41 and 43° C for
10 mm prior to sampling [6]; skin temperature was
monitored continuously with a probe connected to a
Tele-Thermometer (model 43 TA, Yellow Springs
Instrument Co., Inc., Yellow Springs, Ohio). Arte-
rialized venous blood samples were obtained by
percutaneous puncture of a superficial dorsal hand
vein with a 21-gauge, thin-wall vein needle under
free-flow conditions.1 Oral temperature was mea-
sured at the time of blood sampling.
Subjects were judged to be in a steady state of
acid-base equilibrium when plasma values obtained
The close and consistent correspondence between acid-base
measurements made in arterialized venous and arterial blood in
normal, resting subjects has been well demonstrated previously
[6]. Forster et al have shown that arterialized venous blood Pco2
averaged only some 1.0mm Hg higher and pH only some 0.005 U
lower than simultaneously measured values in arterial blood [6].
on 3 consecutive days varied by no more than 2
mEq/liter for bicarbonate and by no more than 5
mm Hg for arterialized venous Pco2 (Pavco2). No
subject had to be excluded from study because of
failure to meet these preconditions.
Analytical methods. Methods for determining
sodium, potassium, chloride, phosphorus, and cre-
atinine, and for directly measuring total carbon diox-
ide and pH have been reported previously [7].
Bicarbonate concentration and PAVCO2 were calcu-
lated from the Henderson-Hasselbalch equation. pH
was measured at 37° C; pH, pK', and the solubility
coefficient of carbon dioxide were corrected to the
oral temperature of the subjects, and pK' was also
corrected for pH [8—10].
Results
Throughout the text, the terms "significant" or
"significantly different," unless otherwise speci-
fied, will be used to describe a difference which has
a P value of less than 0.01. Steady-state values for
individual subjects were obtained by averaging the
three plasma determinations made during the peri-
od.
Evidence for a steady state. To assess the degree
of stability in the level of PAVCO2 and in plasma
bicarbonate concentration, we made a comparison
of the values obtained on each of the 3 consecu-
tive days of observation. Mean (± I SEM) PAVCO2
averaged 41 0.4, 41 0.4, and 41 0.4 mm Hg;
and mean plasma bicarbonate concentration,
25.2 0.2, 25.2 0.2, and 25.0 0.2 mEq/liter
on days 1, 2, and 3, respectively. Analysis of vari-
ance detected no significant trend within any of
these data sets. On the average, the highest and
lowest values for Pavco2 and plasma bicarbonate
concentration for a given individual differed by 2.0
0.3 mm Hg and 0.8 0.1 mEq/liter, respectively,
during the steady-state interval.
Acid-base parameters (Table 1). For the group as
a whole, mean Pavco2 was 41 mm Hg (range, 38.5
to 44.4 mm Hg). Plasma bicarbonate concentration
averaged 25.2 mEq/liter (range, 23.8 to 26.8 mEq/
liter). Mean hydrogen ion concentration was 41
nEq/Iiter (range, 39 to 42 nEq/liter).
Plasma electrolytes and miscellaneous data.
Mean values for plasma sodium, potassium, chlo-
ride, and unmeasured anions are presented in Table
1. Mean values for plasma phosphate and creatinine
concentrations were 1.1 mmoles/liter and 1.0 mg/
100 ml, respectively. Hematocrit averaged 42.6%.
Regression of bicarbonate concentration and hy-
drogen ion concentration on PavCO2 Figure 1 de-
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picts the steady-state relationship between Pavco2
and both plasma bicarbonate (lower panel) and
plasma hydrogen ion concentration (upper panel)
for the 25 subjects. The regression lines drawn
through the points were calculated from the pooled
data by the method of least squares. The corre-
sponding relationships were: plasma [HCO3-] =
0.36 PAVCO2 + 10.4 (r = 0.73, P < 0.01); and[H] = 0.41 PAVCO2 + 24.0 (r 0.63, P < 0.01).
In neither case did the addition of a quadratic term
significantly improve the goodness of fit.2
Analysis of data obtained from a single blood
sample per subject. To provide a data base useful
for evaluating acid-base status in the clinical set-
ting, in which judgments must be made on only one
set of acid-base values, we performed a statistical
analysis similar to that described in the previous
section using data from only one of the three avail-
able blood samples (selected at random) for each of
the 25 subjects studied. As anticipated, this subset
of our data was characterized by a somewhat wider
range for each of the acid-base parameters than was
obtained when the average of three sequential
steady-state observations was used. Thus, mean
Paco2 was 41 0.5 mm Hg (range, 37.5 to 46.0 mm
Hg), and mean plasma bicarbonate concentration
was 25.1 0.2 mEq/liter (range, 22.4 to 27.3 mEq/
liter). Mean hydrogen ion concentration was 41
0.3 nEq/liter (range, 39 to 44 nEq/liter). These
ranges for a single observation per subject are re-
markably similar to those reported by others [3]. It
should be noted that analysis of variance did not
detect a significant difference between this random
subset of our data and any of the daily data sets or
the mean, steady-state observations themselves.
Linear regression functions were calculated for
the randomly selected data. The corresponding
relationships were: plasma {HCO3-] = 0.36 PAVCO2
2 J is recognized, of course, that the mathematical constraints
inherent in the Henderson equation make it impossible for
strictly linear regressions to govern the relationship both of bi-
carbonate and Pavco2 and of hydrogen ion concentration and
Pavco2 simultaneously. The present data indicate, however, that
the degree of curvature that must be present in one or both of
these relationships is slight.
+ 10.2 (r = 0.75, P < 0.01); and [H] = 0.39 PAVCO2
+ 24.8 (r = 0.62, P < 0.01). In neither case did the
addition of a quadratic term significantly improve
the goodness of fit. Moreover, covariance analysis
did not detect a significant difference between either
the slopes or the intercepts of these functions and
the corresponding relationships exhibited by the
mean, steady-state observations.
Discussion
The results of the present study indicate that
acid-base equilibrium in normal man is character-
ized by a striking, positive correlation between
plasma bicarbonate concentration and Pco2; on the
average, a variation of 1 mm Hg in Pco2 within the
normal range is associated with a variation in
plasma bicarbonate concentration of 0.36 mEq/liter.
What is the physiologic mechanism accounting
for this relationship between bicarbonate concen-
tration and Pco2? That there is a parallel relation-
ship between bicarbonate concentration and Pavco2
does not in itself indicate which variable is primary.
Do individuals with low bicarbonate concentrations
have low Pavco2 values because of an effect of sys-
temic pH on ventilation or do individuals with low
Pco2 have low bicarbonate values because of an ef-
fect of Pco2, perhaps at the renal level, on alkali
stores? The present data appear to affirm the latter
possibility. If variations in bicarbonate were prima-
ry, a lower level of bicarbonate concentration
would be associated with relative acidemia, thereby
stimulating respiration and inducing a lower Pco2.
The data, however, reveal that lower values for
Pco2 tended to be associated with reduced levels of
hydrogen ion concentration (Fig. 1). It follows from
this finding that carbon dioxide tension must be the
independent variable in the relationship.
This conclusion is very much in keeping with that
drawn from studies of both chronic hypocapnia and
chronic hypercapnia [11—18]. In such studies, the
kidney has clearly been shown to be responsible for
producing and maintaining graded alterations in
plasma bicarbonate concentration in response to
sustained changes in Pco2 [11, 12].
Table 1. Resting plasma composition of arterialized venous blood in normal mana
Unmeasured
No. of Pavco2 HC03 W Na K Cl anions'
subjects mm Hg mEqiliter nEqiliter mEq/liter mEqiliter mEqiliter mEqiliter
25 41 0.3 25.2 0.2 41 0.2 140 0.2 3.9 0.1 104 0.2 15 0.2
a Values shown are the means 1 SEM.
b (Na + K) — (HCO3 Cl)
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Fig. 1. Steady-state relationship between Pavco2 and both
plasma bicarbonate and plasma hydrogen ion concentrations in
normal men. Each point represents the average of the three ob-
servations obtained on consecutive days in a single subject. The
equations for the least squares regression lines are shown in the
respective panels; the value for the slope of each line was signifi-
cantly different from zero (P < 0.01).
This range is derived from studies based on a single observa-
tion per subject [2, 3, 19] and is remarkably similar to that de-
rived from the randomly selected, single-blood-sample" subset
of our data (see Results). The observed ranges for the steady-
state acid-base variables in the present study are substantially
narrower than those observed in previous studies [2, 3, 19]. We
ascribe this to the effects of averaging the observations obtained
from three consecutive days rather than using a single day's val-
ue to determine the resting acid-base status of each subject. It is
important to note in this connection that the resulting narrower
range for acid-base variables would, if anything, tend to lessen
the chance of finding a relationship between plasma bicarbonate
concentration and Pco2.
Hotelling's T2 distribution is used to compare bivariate Nor-
mal random variables in the same way that a Student's t test is
used to compare univariate Normal random variables. As sample
size (that is, degrees of freedom) becomes large, the Hotelling's
T2 distribution becomes equivalent to the bivariate Normal dis-
tribution.
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plasma-bicarbonate-Pco2 relationship (r = 0.73) ob-
served in the present study indicates that some 50%
of the variability in normal plasma bicarbonate con-
centration in man is attributable simply to the distri-
bution of normal Pco2's. The sources of the residual
variability remain obscure. Dietary differences
among the subjects might have played some role,
although available data suggest that this factor is of
little importance [3]. Age and gender, factors pre-
viously invoked to account for variations in bi-
carbonate values, could not have played a role in
the present study, because all our subjects were
young adult males. It is noteworthy that the degree
of variability in the dog is quite similar whether
these variables—diet, age, and gender—are con-
trolled [1] or not [19, 20].
Redefinition of normal acid-base equilibrium.
The present study, in revealing the presence of a
physiologic link between plasma bicarbonate con-
centration and normal variations in Pco2, estab-
lishes a new touchstone for defining the limits of
normal acid-base equilibrium. Such limits can best
be determined by means of the standard statistical
methodology for calculating the probability of en-
countering a given pair of Normally-distributed, in-
terrelated variables. In applying this methodology,
we first determined that the frequency distribution
of the values of each variable (that is, bicarbonate
concentration and Pco2) in the study population
was in keeping with a Gaussian (Normal) distribu-
tion. This being the case, it was possible to calcu-
late the likelihood of observing any given pair of bi-
carbonate-Pco2 values by using the equation for
Hotelling's T2 distribution [2l]; this equation takes
cognizance not only of the mean and standard de-
viation of each variable but also of the degree of
correlation between them.
Utilizing this technique, and with the aid of a
computer program, we calculated joint confidence
regions for new observations of plasma bicarbonate
and Pco2. Figure 2 depicts a series of such regions
applicable to new individuals for whom the mean of
three steady-state observations of acid-base equilib-
rium are available. Note that, in each case, the lim-
iting region has the form of a tilted ellipse, elliptical
because the variables are Normally distributed and
tilted because they are significantly correlated with
one another. As is evident from an examination of
The relationship between plasma bicarbonate
concentration and Pco2, which is virtually identical
to that previously described for the normal dog [1],
appears to account for a substantial fraction of the
variability in the level of plasma bicarbonate en-
countered among normal humans [2, 3, 19]. Normal
values for plasma bicarbonate in man range from 22
to 27 mEq/liter3, but the factors accounting for this
considerable variability have never been system-
atically examined. The correlation coefficient of the
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Fig. 2. Joint confidence regions for evaluating mean steady-state
values of Pavcoz and plasma bicarbonate concentration from a
new individual. The regions were constructed on the basis of Ho-
telling's T2 distribution fitted to the data [21]. The number on the
margin of each region represents the percentage of the normal
population that is estimated to fall within the respective ellipse.
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Fig. 3. Ninety percent joint confidence region for assessing new
values for Pavco2 and plasma bicarbonate concentration ob-
tained from a single blood sample. The region was constructed
on the basis of Hotelling's T2 distribution fitted to the data [21],
The points depict the values obtained from the single blood sam-
ples selected at random from the three steady-state observations
available for each subject in the present study. A single set of
acid-base data obtained from a normal man can, with 90% proba-
bility, be expected to fall within this elliptical region.
Fig. 2, the frequency of observing given pairs of
mean values is not equal throughout the normal
area; data sets near the center of the ellipse are ob-
served most frequently, whereas data sets more dis-
tant from the center are observed progressively less
frequently.
Figure 3 depicts the 90% joint confidence region
applicable to a new individual for whom only a
single set of values for plasma bicarbonate and Pco2
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is available; this region was calculated from th
"single-blood-sample" data of the present study
As anticipated, the limits of this region are sorne-
what wider than those of the ellipse reflecting the
limits of mean steady-state observations. The limit
of the 90% joint confidence regions appropriate for
both a single blood sample and mean steady-state
observations from a new individual are tabulated tn
Table 2.
Critique of traditional methodology used for de-
fining normal acid-base equilibrium. It has been the
traditional practice to judge acid-base equilibrium
as normal whenever plasma bicarbonate concentra-
tion, Paco2, and plasma hydrogen ion concentration
(or pH) all fall within their respective normal ranges
[2-5]. This classical approach to defining normal
acid-base equilibrium is illustrated in Fig. 4 in
which the present steady-state data have been
plotted on a bicarbonate/Pavco2 coordinate system.
The hexagonal zone in the center encloses 2 SD'S on
either side of the mean of each of the three acid-
base measurements and would correspond to the
traditional normal zone [2—5].
Although the area outlined in this manner pro-
vides a good approximation of the area actually oc-
cupied by our observations, careful analysis reveals
an inherent conceptual flaw in using this approach
to stipulate the normal domain. Given that equilibri-
um kinetics govern the reversible dissociation of
carbonic acid, only two of these three "variables"
are, on a priori grounds, free to change independ-
Table 2. Limits of the 90% joint confidence region for plasma
acid-base values at different levels of Pavco2 in normal humans
35
Pavco2
mm Hg
HCO3- H
mEqiliter nEqiliter pH
Mean steady-state values
38 23.5 to 24.7 40.1 to 38.2 7.40 to 7.42
39 23.4 to 25.4 41.4 to 38.1 7.38 to 7.42
40 23.6to25.9 42.1to38.3 7.38to7.42
41 23.9 to 26.4 42.6 to 38.5 7.37 to 7.41
42 24.3 to 26.7 42.9 to 39.0 7.37 to, 7.41
43 24.8 to 26.9 43.0 to 39.7 7.37 to 7.40
44 25.4to27.0 43.Oto4O.4 7.37to7.39
36
Values from a single blood sample
22.9 to 23.6 39.0 to 37.8 7.41 to 7.42
37 22.6 to 24.7 40.6 to 37.2 7.39 to 7.43
38 22.6 to 25.4 41.7 to 37.1 7.38 to 7.43
39 22.8 to 25.9 42.4 to 37.4 7.37 to 7.43
40 23.0to26.4 43.1to37.6 7.37to7.42
41 23.4 to 26.8 43.5 to 38.0 7.36 to 7.42
42 23.7to27.i 44.0to38.5 7.36to7.42
43 24.2 to 27.4 44. ito 38.9 7.36 to 7.41
44 24.7 to 27.6 44.2 to 39.6 7.35 to 7.40
45 25.2 to 27.8 44.3 to 40.2 7.35 to 7.40
46 26.0to27.7 43.9to4i.2 7.36to7.39
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Fig. 4. Traditional definition of normal acid-base equilibrium.
The broken lines emanating from the plasma bicarbonate con-
centration and PAVCO2 axes encompass the normal steady-state
ranges (that is 2 so from the mean) observed in the present
study. The diagonal lines encompass the observed steady-state
range for plasma hydrogen ion concentration. The area of over-
lap defines the solid hexagonal zone in the center and corre-
sponds to the traditional definition of the normal domain. The
closed circles represent the steady-state data from the present
study. Points A and B are hypothetical points discussed in the
text.
ently. For this reason, it is fundamentally illogical
to use more than two variables in defining normal
limits for these values. Granting this premise, how-
ever, if one proceeds to define the normal domain
simply as the locus of values falling within 2 SD'S
of the mean of bicarbonate concentration and of
Pco2 (that is, without regard to hydrogen ion con-
centration), one includes values that are clearly
not encountered in normal people. This is illustrat-
ed by points A and B in Fig. 4, which fall within the
rectangular area defined by the independent varia-
bilities of bicarbonate and Pavco2 but which lie at
some distance from all of the values obtained from
normal people. It is clear from the present study
that this apparent conundrum merely reflects the
presence of a strong correlation between the two
physiologic determinants of acidity—only if these
variables were completely independent of one an-
other would it be appropriate to use their individual
variabilities as the basis for defining a normal range.
It is noteworthy that the significant relationship
between bicarbonate and carbon dioxide tension
made explicit in the present study is clearly evident
on reexamination of virtually all previous studies of
normal acid-base values. Previous studies based on
a single set of observations per subject have estab-
lished that normal acid-base values typically range
between 22.0 and 27.0 mEq/liter for bicarbonate
concentration and 34 and 46 mm Hg for Paco2 [3].
Assume that there were no correlation between the
normal values for bicarbonate concentration and
Paco2. To accommodate the resulting possibility
that a low normal Paco2 might be found in associa-
tion with a high normal plasma bicarbonate, and
vice versa, one can calculate from the Henderson
equation that the "normal" range for hydrogen ion
concentration would be between 30 and 50 nEq/li-
ter (pH range, 7.52 to 7.30). The range of hydrogen
ion concentration observed in healthy subjects,
however, is only some 35 to 43 nEq/liter (pH range,
7.45 to 7.37). In fact, the extreme values of hydro-
gen ion concentration predicted on the thesis that
there is no correlation between bicarbonate concen-
tration and Paco2 are at least 6 SD's away from re-
ported mean levels. Thus, the correlation we have
observed between bicarbonate concentration and
Pco2 has been well documented, albeit unrecog-
nized, for many years.
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